A hallmark of eusociality in ants is the reproductive division of labor between queens and workers. Yet, nothing is known about the molecular mechanisms underlying reproduction in this group. We therefore compared the developmental genetic capacity of queens and workers to reproduce in several eusocially advanced species from the two largest subfamilies of ants, the Myrmicinae and Formicinae. In flies, the asymmetric localization of maternally encoded determinants (mRNAs and proteins) during oogenesis establishes oocyte polarity and subsequently ensures proper embryonic development. Vasa and nanos, two key maternal determinants, are properly localized in the posterior of queen oocytes, but their localization is impaired in those of the workers. This mislocalization leads to severe embryonic defects in worker progeny, and therefore, represents a constraint on worker reproduction that we call 'reproductive constraint.' We show that reproductive constraint is phylogenetically widespread, and is at high levels in most species tested. Reproductive constraint can simultaneously reduce or eliminate the workers' ability to produce viable eggs for reproduction, while preserving their ability to produce trophic eggs for nutrition, and thus, may have been the basis for the evolutionary retention of worker ovaries in the majority of ants. We propose that high levels of reproductive constraint has most likely evolved as a consequence of selection at the colony level to reduce or eliminate any potential conflict over worker reproduction, therefore maintaining harmony and colony efficiency in advanced ant societies.
T he reproductive division of labor in ants is a key feature of their eusocial organization. Workers in the vast majority of ant species, however, have retained ovaries and are thought to have significant reproductive potential (1-3). A major and widespread conflict will potentially arise in ant societies if workers selfishly engage in reproduction at the expense of colony tasks, such as foraging and brood rearing (4) . An important challenge for evolutionary biology is to understand how highly social groups can reduce or prevent such costly conflicts from occurring. Although there exist a large body of theory to understand cooperation and conflict over reproduction in ants (5) (6) (7) (8) (9) (10) (11) , little is known about the developmental and molecular mechanisms that control reproduction in queens and workers.
Reproduction in ants follows a haplo-diploid sex determination mechanism, whereby fertilized eggs develop into females, and unfertilized eggs develop into males (12) . Workers in advanced ant societies cannot mate and have lost the spermatheca, and thus, they can only produce unfertilized eggs that develop either into males for reproduction (1) (2) (3) or trophic eggs for nutrition (12, 13 ). Hamilton's rule, which is based on both the genetic relatedness between individuals and the ecological benefits and costs these individuals incur, has been used to predict the potential for conflict over male production in ant societies (5) . Because ecological costs and benefits are difficult to assess, relatedness alone has mainly been used to predict the potential for this conflict (3, 14) . Relatedness predicts that in colonies headed by one queen that is singly mated, workers are more related to other workers' sons (nephews) than to the queen's sons (brothers), and therefore should rear their nephews over their brothers. Conversely, in colonies headed by multiple queens or a multiply mated queen, workers are more related to their brothers and therefore should refrain (through ''self-restraint'') or prevent other workers (through ''policing'') from reproducing. Empirical data, however, show that the actual levels of conflict over worker production of males in nature are much lower than expected (3, 14) , as worker reproduction is usually reduced or eliminated in the majority of ant species. Because it is generally assumed that worker-produced eggs successfully develop into males (1, 2) , the gap between actual and potential levels of this conflict has mainly been explained by behavioral control, such as self-restraint (15, 16) or policing (17) (18) (19) (20) .
Here, we tested the basic assumption that workers in advanced ant societies have a significant capacity to successfully produce males in three focal ant species: Aphaenogaster rudis, Myrmica americana, and Lasius niger. We examined the developmental genetic capacity of the workers in these species to perform oogenesis, as well as the capacity of their eggs to undergo proper embryonic development, both in the presence and in the absence of the queen. We uncovered a phylogenetically widespread developmental mechanism that can simultaneously reduce or eliminate the ability of the workers to produce viable eggs, while maintaining their ability to produce trophic eggs for nutrition.
Results
We first asked whether the process of oogenesis is generally conserved between ant queens and the fruit fly, Drosophila melanogaster. In Drosophila, oogenesis begins by the division of germline stem cells (GSCs), which give rise to cysts and then to egg chambers (21) . The oocyte develops within the egg chamber, where it acquires its polarity through the precise localization of mRNAs and proteins known as maternal determinants (22, 23) . Maternal determinants are produced by the nurse cells, and then transported to the oocyte where they are asymmetrically localized to the poles. Vasa and nanos, two highly conserved maternal determinants, are localized to the posterior pole of the oocyte. These molecules are necessary for patterning the posterior compartment of early embryos, and for specifying germ-line formation and differentiation (24, 25) . Vasa mutant embryos lack the specialized posterior pole plasm and show impaired polarity (25) , whereas nanos mutant embryos fail to form most of the abdomen altogether (24) . We found that the cellular organization ( Fig. 1 A and B) We next examined whether the process of early oogenesis differs between queens (Fig. 1B) and workers (Fig. 1C) of the three species. Queen and worker castes of these species are determined environmentally sometime during larval development (12) . As a result of caste determination, workers develop ovaries with a reduced number of ovarioles and no spermatheca (11) . Using cellular and germ-line markers, however, we found that queens and workers show no difference in their division of GSCs ( Fig. 1 B1 and C1) , their production of cysts ( Fig. 1 B2 and C2) , as well as their establishment of oocyte identity ( Fig. 1 B3 and C3) .
We then asked whether there were any differences between queens and workers during later stages of oogenesis when oocytes acquire their polarity through the localization of maternal determinants. Queens and workers are known to produce both viable and trophic eggs (12, 13) . Viable eggs undergo embryonic development, whereas trophic eggs are only used as a source of nutrition for the colony (12) . Trophic egg production is particularly critical for young, newly mated, queens because it provides food to the growing colony. In queens and workers (Fig. 2) of all three species, we found two classes of oocytes based on their patterns of Vasa and nanos expression [see supporting information (SI) Figs. S1 and S2 and Table S1 ]. In the first class, Vasa and nanos were produced in the nurse cells, and localized to the posterior pole of the developing oocyte ( Figs. 1B3 and 2 A, B, D, K, H, and L) . This pattern, which is consistent with Vasa and nanos localization in Drosophila, indicates that these oocytes are destined to become embryos, and thus, we inferred this first class to be viable oocytes. In the second class, Vasa (Fig. 2 C and G and Fig. S1 ) and nanos ( Fig. 2 J and Fig.  S2 ) were also produced by the nurse cells, transported to the oocyte, but their pattern appears diffuse throughout the ooplasm and are never localized to the posterior pole. This indicates that these oocytes lack the positional information necessary for further development, and are most likely destined to become food. We thus inferred this second class to be trophic oocytes.
We discovered, however, a unique class of oocytes in the workers that were never observed in the queens. In these oocytes, Vasa and nanos are produced in the nurse cells, transported to the oocyte posterior, but form aggregates (Fig. 2 H Figs. S1 and S2). We thus refer to this class as 'failed' oocytes. Unlike trophic oocytes, the posterior localization of Vasa and nanos in failed oocytes is initiated early, but not maintained in later stages ( Fig. 2 K-M) . This suggests that these oocytes are destined to reproduction, but fail in subsequent stages of development (Fig. 3) . We interpret the presence of these oocytes as failed attempts by the workers to produce viable eggs.
To determine whether failed oocytes represent defects that are specific to either Vasa or nanos localization or a general defect in maintaining maternal determinants at the posterior cortex, we performed a double Vasa/nanos staining. nanos mRNA accumulation was detected first in early oocytes (Fig. 2K) , followed later in development by posterior Vasa protein accumulation (Fig. 2L) . When detached from the posterior pole of advanced oocyte stages (Fig. 2M ), Vasa and nanos remained colocalized, suggesting that there is a general defect in maintaining maternal determinants at the posterior cortex. This impaired localization of maternal determinants in worker oocytes results in failed embryonic development (Fig. 3) , and thus, represents a constraint on worker reproduction, which we call 'reproductive constraint. ' We then asked to what degree does reproductive constraint reduce or eliminate worker reproduction, and whether or not it is triggered by the presence of the queen in the three species. In the presence of the queen (queenright), workers are potentially subject to behavioral control, whereas in her absence (orphaned) workers are not, and thus, should be able to express their full reproductive potential. Therefore, we calculated the degree of reproductive constraint as the number of failed oocytes divided by the total number of failed and viable oocytes produced by both queenright and orphaned workers. We excluded trophic oocytes because they are destined for food and not reproduction.
In L. niger, queenright and orphaned workers differ significantly in their attempts to produce viable or failed oocytes (P ϭ 0.00065; Table S1 ). Queenright workers produced mostly trophic oocytes (75.6%, n ϭ 62) and failed oocytes (23.2%, n ϭ 19), whereas viable oocytes were seen only occasionally (1.2%, n ϭ 1). In contrast, orphaned workers decreased their trophic oocyte production to 47.8% (n ϭ 33) and increased their reproductive attempts, most of which were failed (50.7%, n ϭ 35). In orphaned workers, oocytes degenerated inside the ovaries (data not shown), and these workers never succeed in laying any eggs at all. The presence of failed oocytes in queenright workers indicates that these workers do not restrain themselves from reproducing in the presence of the queen, but rather fail because of reproductive constraint. Reproductive constraint in L. niger was high, and does not differ significantly between queenright (95%) and orphaned (97%) workers (P ϭ 1), and thus, is intrinsic to the workers and not triggered by the presence of the queen. Reproductive constraint eliminates the capacity of the workers to produce males in this species.
In M. americana, we found no significant difference between queenright and orphaned workers in their attempts to produce viable or failed oocytes (P ϭ 0.70044; Table S1 ). The majority of oocytes produced by both queenright (82%, n ϭ 64) and orphaned (71.8%, n ϭ 74) workers were failed, whereas a minority were viable (15.4%, n ϭ 12 in queenright and 23.3%, n ϭ 24 in orphaned). We found no major difference in trophic oocyte production between queenright (2.6%, n ϭ 2) and orphaned workers (4.8%, n ϭ 5). To test whether failed oocytes will result in failed embryos, we assessed the condition of eggs laid by orphaned workers (Fig. 3 and Table S2 ). Indeed, 93.5% of orphaned worker-laid embryos failed to develop properly (Fig. 3) . Many of these embryos were arrested early during the syncytium stage with abnormalities in external morphology indicating cytoskeleton defects (compare Fig.  3 A and C) and Vasa mislocalization (compare Fig. 3 B and D) . Other embryos were arrested with a variety of defects, such as in axis or segment formation, during later developmental stages (Fig.  3 G, H, K, and L) . This indicates that oogenesis and embryogenesis in the workers are highly correlated. Reproductive constraint in M. americana was relatively high, and does not differ significantly (P ϭ 0.188) between queenright (84%) and orphaned workers (75.5%). Thus, reproductive constraint is the major mechanism through which worker reproduction is suppressed, and behavioral control may be low in this species.
In A. rudis (Table S1 ), queenright workers exclusively produced trophic oocytes (100%, n ϭ 245), indicating that these workers do not attempt to reproduce in the presence of the queen. Orphaned workers, however, produced high numbers of viable (28%, n ϭ 72) relative to failed (3.5%, n ϭ 9) oocytes in addition to trophic oocytes (68.5%, n ϭ 176). We again assessed the condition of embryos produced by orphaned workers (Table S2 and Fig. S3 ). The majority of orphaned worker-laid eggs (85.7%) developed normally, whereas a small fraction (4.9%) initiated embryogenesis, but were arrested with general morphological defects after gastrulation (Table S2 and Fig. S3 ). This confirms the high correlation between the defects observed during oogenesis and embryogenesis. Reproductive constraint is not the principal mechanism for suppressing worker reproduction in A. rudis because: (i) in the presence of the queen, workers did not produce any viable or failed oocytes; and (ii) in her absence they produced high numbers of viable, but low numbers of failed oocytes. Therefore, behavioral control, most likely in the form of policing, could be the principal mechanism for suppressing worker reproduction in this species (19, 20) .
Discussion
We introduce reproductive constraint as a developmental mechanism that can reduce or eliminate a worker's capability to produce viable eggs for reproduction, while maintaining its ability to produce trophic eggs for nutrition. This mechanism acts through the mislocalization of maternal determinants in worker oocytes. The developmental genetic basis of reproductive constraint is likely to be found upstream of Vasa and nanos during earlier oocyte patterning steps, because both Vasa and nanos are expressed throughout worker oogenesis, but their disruption occurs only during the process of localization. Maternal determinants in insects are transported through microtubules to oocyte poles where they are anchored to the cytoskeleton (26) . Therefore, in trophic oocytes, absence of localization is most likely because of defects in microtubules, whereas in failed oocytes, mislocalization may be associated to defects in the cytoskeleton. Indeed, disruption of microtubules and cytoskeleton in other insects (27) (28) (29) results in similar localization defects we found to occur naturally in the workers of ants.
We surveyed 10 species from the two largest subfamilies of ants, the Myrmicinae and Formicinae. We found that reproductive constraint is present in all of the species tested (Fig. 4) , indicating that it is a general mechanism in advanced ant societies. The level of reproductive constraint is high in the majority of species tested, although it can evolve dramatically between sister species, such as L. niger and L. alienus (Table S3 and Fig. 4 ), indicating that it is evolutionarily dynamic. Furthermore, our finding that reproductive constraint is intrinsic to the workers and not influenced by behavioral control, suggests that it may work in concert with behavioral control to reduce or eliminate worker reproduction. In species where reproductive constraint is high, such as L. niger or M. americana, behavioral control is likely to be weak or absent. Conversely, in species where reproductive constraint is low, such as A. rudis, behavioral control is likely to be strong. An illuminating case is that of Camponotus floridanus (Fig. 4) , where worker policing is known to occur (16) , and where we found intermediate levels of reproductive constraint (Fig. 4) . The occurrence of both of these mechanisms in C. floridanus reinforces our conclusion that behavioral control and reproductive constraint may be complimentary forces for resolving conflicts over worker reproduction in ant societies.
Reproductive constraint can render workers that have retained ovaries nearly or fully sterile, thereby reducing or eliminating the risk of within group selfish behavior via worker production of males (30, 31) , while retaining the benefit of cooperative sib-care through trophic egg production (13, 32) . Therefore, reproductive constraint may have evolved in response to strong selection on worker ovaries for producing trophic eggs but against producing males. This has most likely facilitated the evolutionary retention and cooption of worker reproductive organs for nutritional but not reproductive purposes. This interpretation is consistent with the fact that only nine of the 283 currently known ant genera have completely lost ovaries (12, 33) .
Finally, reproductive constraint may have important implications for understanding the evolutionary forces that govern cooperation and conflict in advanced ant societies. We propose that the appearance of high levels of reproductive constraint in the species we sampled may be a consequence of colony-level selection to reduce or eliminate the cost associated with worker reproduction. Indeed, colony efficiency is compromised when workers abandon their tasks and engage in reproductive activity (4). This interpretation is compatible with Hamilton's rule (5), and implies that costs and benefits are equal to, or more dominant than genetic relatedness in governing the conflict over male production. Relatedness alone is not sufficient to explain the evolution of reproductive constraint. If we assume that worker reproduction is cost-free, then workers should always be selected to produce males, because workers are always more closely related to their own sons than they are to their nephews or brothers. However, this prediction becomes invalid in the presence of high levels of reproductive constraint, because it reduces or eliminates worker reproduction in the first place. Furthermore, reproductive constraint occurs in all species we sampled regardless of their relatedness structure (Fig. 4) . Alternatively, reproductive constraint may have evolved to help bias the sex ratio toward female production (34) in the case where: (i) workers are more closely related to their sisters than they are to their brothers or nephews; and (ii) the cost of eliminating males during early stages through reproductive constraint is lower than removing males during larval or pupal stages. However, this is not likely because reproductive constraint does not appear to be restricted only to species that may follow this particular case (Fig. 4) . A further understanding of both sociogenetic and ecological conditions that favor the evolution of reproductive constraint will require testing for reproductive constraint in both ancestral and derived species where relatedness, behavioral control mechanisms, and colony-size have been well documented.
Materials and Methods

Ants.
A. rudis and L. niger colonies were collected at Montreal, Canada and M. americana colonies were collected in Medford, NY. The rest of the species in Fig.  4 were collected in Arizona, Florida, and New York. Colonies were maintained at 27°C, 70% humidity and a 12:12-h day:night cycle, and were fed on a combination of Crickets and Bachtar-Whitcomb diet. Three replicates of orphaned workers from each species were isolated for two to six months, and their egg production monitored. Orphaned A. rudis and M. americana workers were able to produce eggs, larvae, and adult males, but orphaned L. niger workers were not. Queenright and orphaned worker ovaries were then dissected and the number of viable, failed and trophic oocytes (as determined by Vasa localization) was counted. All percentages presented in the result section are the mean percentage for each three replicates.
Statistical Analysis. We performed a Fisher's exact test (35) to determine: (i) if there is a significant difference in reproductive attempts between queenright and orphaned workers by comparing the frequency of trophic versus non trophic oocytes (viable plus failed) produced by these workers; and (ii) if there is a significant difference in reproductive constraint between queenright and orphaned workers by comparing the frequency of failed versus viable oocytes produced by these workers. We could not perform the test for A. rudis because queenright workers produced no reproductive oocytes (Table S1 ).
Nanos Cloning. The nanos gene was cloned using degenerate and RACE PCR (Invitrogen) using the following primers: forward 5Ј-TGCGTWTTCTG-YARAAATAA-3Ј and reverse 5Ј-GGRCAATACTTKAYCGTRTGAG-3Ј for degenerate PCR and Antnos Forward: 5Ј-TGATGGAAGAGTTTCGACACAATGG-3Ј for RACE PCR. GenBank accession numbers for nanos sequences: A. rudis nanos, EU272791; L. niger nanos, EU272792; M. americana nanos, EU272793.
Ovary and Embryo Fixation. Ovaries were dissected in PTW (1ϫ PBS; 0.05% Tween-20) and kept on ice during the dissection process. The peritoneal sheet covering each ovariole was removed by using fine forceps. The ovarioles were fixed in 4% paraformaldehyde (200 l) supplemented with 10% DMSO (20 l), and heptane (600 l) for 20 min at room temperature. Fixed ovarioles were then washed three times in PBT (1ϫ PBS; 0.3% Triton X-100) and processed for subsequent staining.
Embryos are boiled for 45 seconds in PBT, and then quickly placed on ice. The chorion and vitelline membrane were removed manually by using fine forceps. Embryos were then fixed in 4% formaldehyde and heptane for 20 min and then washed three times in PBT.
Vasa Staining. A cross-reacting anti-Vasa antibody, which was raised against Drosophila Vasa (25) , was used to detect the Vasa protein in ants. Fixed ovarioles or embryos were permeabilized in PBT (1ϫ PBS; 1% Triton X-100) for 1 h at room temperature. Permeabilization is followed by blocking step in PAT (1ϫ PBS; 1% Triton X-100 and 1% bovine serum albumin) for 1 h at room temperature. Ovarioles/embryos were then incubated with a rabbit anti-Vasa antibody at a 1:100 dilution in PTW overnight at 4°C. Ovarioles/embryos were washed from excess antibody five times 10 min at room temperature in PBT (0.3% Triton X-100), then blocked again in PAT for one hour. A secondary, goat Cy2-conjugated anti-rabbit antibody (Jackson ImmunoResearch) was used to detect the rabbit anti-Vasa antibody at a 1:300 dilution in PTW. Ovarioles/embryos were incubated with the secondary antibody for two hours at room temperature in PTW. DAPI and Phalloidin were added at the same time as the secondary antibody. The ovarioles were finally washed five times 10 min in PTW then in increasing concentrations of glycerol in PBS and mounted in glycerol/1ϫ PBS (80%/20%).
Nanos in situ hybridization. Nanos staining was performed by using DIGlabeled nanos RNA probes (Roche). Fixed ovarioles were incubated one hour at 58°C in a hybridization solution (50% formamide, 5ϫ SSC pH 6.5, 50 g/ml salmon sperm DNA, 50 g/ml heparin, 0.1% Tween-20, and 0.3% SDS). Ovarioles were then hybridized over-night at 58°C with the nanos DIG-labeled probe in the hybridization solution. Ovarioles were washed five times in PBT, blocked one hour in PAT then incubated two hours at room temperature with the anti-DIG antibody, conjugate with alkaline phosphatase. nanos expression was revealed by using NBT/BCIP (purple, Roche) or Fast-red (red, Sigma).
Image capture was performed by using either 510 confocal or Axiovert Zeiss microscopes. Large samples, which do not fit in a 40ϫ or 20ϫ objective field were assembled from multiple files and processed by using Adobe Photoshop.
